Abstract: Agile mode switching between LP 01 and LP 11 modes in an all-fiber laser is demonstrated by exploiting an acoustically induced fiber grating within the laser cavity. The laser exploits a cladding pump configuration and can deliver up to 5.85 W of stable output power in LP 11 mode at 1070.07 nm and 6.06 W in LP 01 mode at 1070.48 nm, with a slope efficiency near 50%. Complete mode-switching speed with 250 Hz and partial mode-switching speed with 1 kHz are demonstrated. Based on the obtained switching time between LP 11 and LP 01 mode, the maximum complete mode-switching speed is calculated to be ∼555.56 Hz. Moreover, variable output beam profiles could be obtained by adjusting the frequency of the modulation signal applied on the acoustically induced fiber grating. This paper could provide an example of realizing a high-power, mode-switchable fiber laser source for practical use.
Introduction
Fiber lasers with pure high-order-mode (HOM) output have been intensively studied in recent years owing to their unique polarization, amplitude and phase characteristics. Generally, there are several commonly used approaches to realize HOM operation, including adopting spatial light modulators [1] , [2] , employing long period gratings [3] , [4] , introducing adaptive control [5] - [7] , using few-mode fiber Bragg gratings (FBGs) [8] - [10] and taking advantage of mode selective couplers [11] , [12] . Currently, exploration on HOM fiber lasers has focused on power scaling [13] , nonlinear conversion [4] , [14] , vector beam generation [15] , etc. However, only a little attention has been paid on fast mode switching of HOM lasers. In some fields, such as material processing, laser beams with dynamically adaptable transverse profiles could yield substantially higher processing speeds as well as improved cut quality. Meanwhile, the fast-mode switching capability can enable the use of the optimum beam characteristics for each step of the cutting process, not just for cutting of different materials or various thicknesses [16] - [19] . In 2013, J. Daniel et al. realized mode selection and switching in a multimode fiber laser oscillator by adopting a few-mode fiber Bragg grating and an acoustic-optic tunable-filter as the free-space wavelength-selective element [18] . They proved that the mode is changing at the frequency of 20 kHz but could not confirm that it was switching between LP 01 and LP 11 modes. No further researches have been reported to achieve fast mode switching.
Here, we fabricate an acoustically-induced fiber grating (AIFG) and apply it in a fiber laser to achieve intra-cavity mode conversion and agile mode switching. An AIFG, which consists of a piezoceramic transducer (PZT), a horn and a piece of few-mode fiber (FMF), can provide a flexible method to achieve all-fiber mode conversion and fast mode switching within a wide wavelength range [20] . Applications of such kind of device include mode-locked fiber lasers [21] and Q-switched fiber lasers [22] . In terms of mode conversion, it has also been adopted for generating cylinder beams and optical vortex beams [23] - [27] . It should be noted that fast mode-switching capability of the above-mentioned fiber laser based on AIFG has not been fully studied and the output powers of these fiber lasers are relatively low (less than several tens of milliwatts).
In this paper, intra-cavity mode conversion and agile mode switching between LP 01 and LP 11 have been realized through an AIFG. In addition, the output power of LP 11 mode reaches 5.85 W with a slope efficiency of ∼46.58%, while the output power of LP 01 mode reaches 6.06 W with a slope efficiency of ∼48.16%, and the average output power does not change much during the mode switching operation. Variable output beam profiles could be obtained by adjusting the frequency of the modulation signal, which also benefits from the unique characteristics of the AIFG.
Principle and Experimental Setup

Principle of AIFG
The basic schematic of an AIFG is shown in Fig. 1 . It consists of a PZT, a quartz horn and a piece of FMF. The coating of a part of the FMF is removed, which serves as the acoustic-optic coupling region. Both the bottom diameter and the height of the horn are 10 mm. The resonant frequency of the PZT is near 1.7 MHz. The horn is epoxied to the PZT, which is driven by a radio frequency (RF) source. The modulation signal generated by the RF source is a sinusoidal waveform. When a radio frequency is applied onto the PZT, it will vibrate at the same frequency as the applied signal, and the horn will transfer the vibration into ultrasonic wave propagating along the fiber with the same frequency as the applied radio frequency. The propagating ultrasonic wave would generate periodic deformation (i.e., periodic index variation) in the fiber, which leads to the formation of a long period grating. The period of the grating can be calculated with the following formula [25] : where R is the cladding radius of the unjacketed FMF, C ext = 5760 m/s is the velocity of the acoustic wave in silica fiber, and f is the frequency of the applied signal, which is also the frequency of the acoustic wave. In our work, the FMF used is a piece of germanium-doped fiber (GDF, 15/130 μm). Therefore, the cladding radius (R) of the FMF in Equation (1) is 65 μm. The core numerical aperture of the GDF is ∼0.077 and the corresponding normalized frequency number (V number) is ∼3.39 at 1070 nm. Therefore, this GDF can only support two modes, i.e., LP 01 and LP 11 mode. According to the mode coupling theory, mode coupling and conversion occur when the phase matching condition is satisfied. The phase matching condition can be expressed as [28] :
where λ is the wavelength of the propagating wave, and n 01 , n 11 are the effective refractive indexes of LP 01 and LP 11 mode, respectively. In this work, n 01 1.45946 and n 11 1.45865 at 1070 nm. Therefore, the expected period of the grating ∧ will be ∼1.32 mm according to Equation (2), and the applied modulation frequency is expected to be ∼674.044 kHz. Phase matching condition can be met by adjusting the modulation frequency f. Up to several MHz modulation frequency can be precisely reached by adjusting the setting of the signal generator for the RF source. This device can realize mode conversion between LP 01 and LP 11 mode as well as achieving the mixing state of both modes with variable proportions. Figure 2 shows the experimental setup of the mode switchable fiber laser, which is a typical linear cavity. A 3-dB coupler working at 1080 ± 20 nm is used to form a fiber loop mirror (FLM) by splicing the two ports on the same side together to provide broadband feedback. A piece of 4-meter-long ytterbium-doped fiber (YDF) is adopted to provide active gain. The nominal cladding absorption coefficient of the YDF is ∼5 dB/m at 976 nm. A 976-nm multimode laser diode (LD) is employed as the pump, and the pump laser is injected into the laser cavity through the pump port of a (2 + 1) × 1 combiner. The signal port of the combiner and the input port of the aforementioned AIFG are connected by a mode field adapter (MFA). The MFA is a home-made device based on a thermally expanded core technique [29] . The output port of the AIFG is further spliced with a few-mode FBG. The output end of the FBG is angle cleaved to 8 degrees to prevent unexpected backward reflection. The pigtail of the 3-dB coupler, the YDF and the signal port of the combiner are single mode fibers (SMFs), with a core/cladding diameter of 10/125 μm. The pigtails of the AIFG and the FBG are FMFs, with a core/cladding diameter of 15/130 μm. The core/cladding diameters of input and output ports of the MFA are 10/125 and 15/130 μm, respectively, which is adopted to reduce the cavity loss. Cladding mode strippers, which are made of a high refractive index glue, are coated on the bare fiber around the splicing points 1 and 2 to remove the cladding mode. A polarization controller (PC) is placed at the 15/130 μm port of the MFA to adjust the polarization state. Afterward, the output beam goes through a 4f system with an adjustable attenuator before finally recorded by a laser beam analyzer (Ophir-Spiricon, SP620U). The performance of the few-mode FBG and the AIFG is characterized with the optical spectrum analyzer (OSA). The resolution of the OSA is set to 0.02 nm. The transmission spectrum of the FBG is obtained by measuring the transmission spectrum with a hybrid spatial mode broadband source injected into the few-mode FBG. The hybrid mode source is produced by a lateral offset along the fiber to excite high-order modes. As presented in Fig. 3(a) , the two transmission dips corresponding to LP 11 and LP 01 mode of the FBG locate at 1070.07 nm and 1070.48 nm, respectively. The reflectivity of this FBG is ∼10.867% at 1070 nm, with a 3-dB bandwidth of 1.07 nm. Fig. 3(b) shows the transmission spectra of the AIFG at different modulation frequencies, which are obtained by calculating the intensity difference between the transmission spectra with (red, purple and blue curves) and without (black curve) the modulation frequency applied on the AIFG, as shown in the inset of Fig. 3(b) . The transmission spectra at different modulation frequencies are measured in one setup by splicing the AIFG between a broadband ASE source and a piece of 10/125 fiber. Both the pigtail of the ASE source and the 10/125 fiber are single mode fibers and the splicing points are coated with high refractive index glue to remove cladding light. The acoustic-light interaction length is 0.5-meter-long, which is defined by the length of the unjacketed FMF. The applied peakpeak voltage on the PZT is optimized to be 120 V. The dips in the transmission spectra indicate the resonance wavelength range, which would vary with the applied modulation frequency. There are high resonance ranges around 1065, 1070 and 1075 nm when the modulation frequency is 663.7, 670.0, and 676.3 kHz, respectively, which indicates that mode coupling from LP 01 to LP 11 mode exists. The coupling efficiency from LP 01 to LP 11 mode is about 8.78 dB (∼86.76%) around 1070 nm, which equals to the absolute intensity of the transmission dip in the transmission spectrum. This experimental frequency (670.0 kHz) and the theoretically calculated value (∼674.044 kHz) at 1070 nm have a very good agreement. The small deviation is possibly caused by a slight difference between the actual values and the nominal values of the fiber parameters (i.e., the refractive index and the core diameter). The conversion efficiency can be further improved by changing the length of the acoustic-optic coupling region and optimizing the amplitude of the modulation signal.
Experimental Setup
Results and Discussion
Based on the above-mentioned experimental setup, mode switching between LP 01 and LP 11 is realized. The PC is used to adjust the polarization state and help to realize higher conversion efficiency [3] . Moreover, the mode purity can be improved in the meantime. As shown in Fig. 4(a) , when the modulation signal with the frequency of 670.0 kHz is applied, the output mode of the proposed laser switches from LP 01 to LP 11 , and the corresponding output wavelength shifts from 1070.48 nm to 1070.07 nm, which matches well with the LP 01 and LP 11 peaks of the FBG. The linewidths of the LP 01 and LP 11 mode output spectra are 0.28 and 0.27 nm, respectively. In our work, the two wavelengths corresponding to LP 01 and LP 11 mode of the FBG cannot exist together. Consequently, when the device works in LP 11 mode, if there are any unconverted LP 01 mode components, they will be reflected by the FBG and pass through the AIFG, where the LP 01 mode would be converted into the LP 11 mode and dissipate in the SMF. Therefore, the single wavelength operation can ensure high mode purity of the LP 11 mode. The output power as a function of the pump power is shown in Fig. 4(b) . The maximum output powers of LP 01 and LP 11 mode lasers are 6.06 and 5.85 W with a slope efficiency of ∼48.16% and ∼46.58%, respectively. As indicated in Fig. 3(b) , the conversion loss of the AIFG is ∼13.24% from LP 01 to LP 11 mode, but the overall efficiencies of both LP 01 and LP 11 mode do not differ much. The small efficiency difference can possibly be attributed to the cavity loss difference of these two modes caused by the PC in this configuration. Although only LP 01 mode experiences the gain in the lasing medium regardless of the output mode, the PC is adjusted to a position where the cavity loss of LP 01 mode is higher than that of the LP 11 mode. Therefore, the overall efficiency of the LP 01 and LP 11 mode does not differ much in this case.
Since the output mode of the proposed fiber laser is significantly correlated with the output spectrum, the stability of the LP 11 mode operation can be verified through checking the stability of the central wavelength and the intensity of the output spectra. Fig. 5(a) presents the output spectra of the fiber laser with LP 11 mode output, which are recorded every 2 minutes within a total time frame of 10 minutes. The central wavelength and intensity of the output spectra are generally stable, the former of which varies from 1070.062 to 1070.085 nm, while the latter of which ranges from −39.436 to −39.375 dB during the whole test. The insignificant central wavelength variation (0.017 nm) and power fluctuation (0.061 dB, equals to 1.39%) indicate that this laser works stably in LP 11 mode regime.
Owing to the unique advantage of AIFG, this laser can deliver laser output with controllable proportion of high order components simply by changing the modulation frequency. The output beam profiles under different modulation frequencies are shown in Fig. 6 . As the modulation frequency comes close to the working point (670.0 kHz), the proportion of the LP 11 mode increases gradually, which means the components of LP 11 mode can be tailored to a desired ratio. What should be noted is that the output beam profile is very stable, which can be repeated simply by adjusting the modulation frequency to the corresponding frequency. Future work could adopt modal decomposition to quantify the fraction of power in each mode and better control the proportions of each mode. The capability of realizing versatile output beam profiles could find potential applications in material processing, light field manipulation, etc.
Benefiting from the flexible modulation frequency property of the AIFG, this laser also possesses agile mode switching ability. The switching time, as well as the prompt mode switching capability, have been intensively studied. At first, we use the laser beam analyzer to record the mode switching operation, and the mode-switching operation recorded with a frame rate of 15 Hz is shown in Visualization 1. Since the maximum frame rate of the laser beam analyzer is only ∼30 Hz, it cannot meet the demand for fast mode-switching analysis. Another option is monitoring the power fluctuations sampling from the variable output beam profile, which can be achieved by placing a pinhole before a photon detector (PD). The bandwidths of the oscilloscope and the PD employed in our work are 200 MHz and 150 MHz, respectively.
The position of the pinhole is carefully adjusted to make it close to the center of the lobe of the LP 11 mode. In this case, the power level at the selected sampling point will be higher when the laser operates in LP 11 mode compared with that of LP 01 mode. First of all, fast mode switching between LP 01 and LP 11 is investigated under different mode-switching speed. Fig. 7(a) and (b) show the temporal trace read from the oscilloscope when the mode is switched from LP 01 to LP 11 mode back and forth by applying 670.0-kHz modulation signal and no modulation to the PZT with at a frequency of 100 and 250 Hz, respectively. Under these circumstances, the mode can be fully switched between LP 01 and LP 11 without apparent distortion. In order to obtain the maximum mode-switching speed, the time needed for mode switching from LP 01 to LP 11 mode and the mode switching from LP 11 to LP 01 mode is measured. By capturing the rising edge of the temporal trace, the switching time from LP 01 to LP 11 mode can be obtained to be ∼0.85 ms, as shown in Fig. 7(c) . Similarly, the switching time from LP 11 to LP 01 mode can be obtained by capturing the falling edge of the temporal trace, which is ∼0.95 ms, as shown in Fig. 7(d) . Although the switching time of the AIFG can be as short as a few hundred microseconds [30] , the switching time in this laser setup is supposed to be mainly determined by the lifetime of Yb 3+ ions in excited state, which is around ∼0.84 ms [31] . Different from our very recent work presented in [30] , in which a cavity mirror is used instead of the few-mode FBG in this work, the central wavelength of the laser proposed in this paper also switches accompanying the mode-switching process. This wavelength-switching process would take some time, i.e., the lifetime of Yb 3+ ions in the excited state, to realize stable oscillation. Therefore, based on the obtained switching time between LP 11 and LP 01 , the maximum switching speed can be calculated to be ∼555.56 Hz. When the switching speed is higher than 555.56 Hz, the output mode cannot be fully switched between the LP 01 and LP 11 mode.
Furthermore, the power fluctuation at the mode-switching speed of 1 kHz is also measured, the result of which is shown in Fig. 8(a) . Although the mode switching between LP 11 and LP 01 mode cannot be fully realized in this case, the power level at the monitored point is still changing at 1 kHz. Moreover, it can also be used to obtain dynamical output beam profiles. We make the modulation frequency sweep from 661 kHz to 670 kHz back and forth periodically. The periodical time is set to 17 seconds, and the setting of the sweeping signal is given in Fig. 8(b) . The recorded power changes regularly in a period the same as that of the modulation signal, as shown in Fig. 8(c) . At the same time, the output beam profile also changes fast, and the proportion of LP 01 and LP 11 mode is also changing (See visualization 2). These results also indicate this laser has the capability of realizing variable output beam profiles with repeatable patterns.
Conclusion
In conclusion, we have demonstrated an all-fiber laser with agile mode switching capability. Mode switching is achieved by adopting a self-constructed AIFG, which can be applied to realize mode conversion and agile mode switching at almost arbitrary wavelengths simply by adjusting the modulation frequency. The highest output power of LP 11 mode obtained in this laser is 5.85 W with a slope efficiency of ∼46.58% at 1070.07 nm and the output power of LP 01 mode reaches 6.06 W with a slope efficiency of ∼48.16% at 1070.48 nm. The time needed for mode switching operation has also been measured. The switching time from LP 01 to LP 11 mode is ∼0.85 ms, while it takes ∼0.95 ms to switch from LP 11 to LP 01 mode. Mode switching between LP 01 and LP 11 at a switching speed of 250 Hz is realized. Besides, this laser could modulate the power distribution at kHz and even higher modulation speed. It should be noted that this work presents a preliminary demonstration for efficient mode switching between the LP 01 mode and LP 11 mode. Agile mode-switching between two or more symmetric modes of different orders, aiming at material processing applications, can be expected if adopting proper FMF for the AIFG [32] and well-designed schematic. This work also provides an efficient method to realize relatively high power laser sources with the agile modeswitching ability for practical use. Further power scaling can be expected with higher pump power under the present configuration. However, the master oscillator power amplifier scheme should be employed to achieve high-power output with hundreds or even thousands of watts.
